The purpose of this study was to determine whether expression of CTGF protein in COPD is consistent in humans and animal models of COPD and to investigate the role of this protein in lung epithelial cells. CTGF in lung epithelial cells of ex-smokers with COPD was compared with ex-smokers without COPD by immunofluorescence. A total of twenty C57Bl/6 mice and sixteen non-human primates (NHPs) were exposed to CS for four wks. Ten mice of these CS-exposed mice and eight of the CS-exposed NHPs were infected with H3N2 influenza A virus (IAV) while the remaining ten mice and eight NHPs were mock-infected with vehicle as control. Both mRNA and protein expression of CTGF in lung epithelial cells of mice and NHPs were determined. The effects of CTGF overexpression on cell proliferation, p16 protein, and senescence-associated β-galactosidase (SA-β-gal) activity were examined in cultured human bronchial epithelial cells (HBECs). In humans, CTGF expression increased with increasing COPD severity. We found that protein expression of CTGF was upregulated in lung epithelial cells in both mice and NHPs exposed to CS and infected with IAV compared to those exposed to CS only. When over-expressed in HBECs, CTGF accelerated cellular senescence accompanied by p16 accumulation. Both CTGF Address correspondence to: Toru Nyunoya, M.D., VA Pittsburgh Healthcare System, Pittsburgh, PA 15240., Tel: (412) 
INTRODUCTION
Cigarette smoking is a major risk factor for chronic obstructive pulmonary disease (COPD), a disease characterized by an irreversible airflow obstruction (1). Ning et al. conducted a comprehensive analysis of gene expression in the lungs (i.e., both airway and alveolar epithelial cells) of healthy smokers versus smokers with moderate COPD and identified multiple differentially expressed candidate genes (2) . One of those candidate genes, connective tissue growth factor (CTGF), was confirmed to be increased at both the transcript and protein expression levels in both airway and alveolar epithelial cells of COPD subjects but not in healthy smokers. CTGF has multiple cell biological functions, including cell proliferation, cell adhesion and wound repair (3) . However, little is known about the triggers that increase CTGF in lung epithelial cells and its biological relevance.
Smoking makes susceptibility to common viral infections (e.g., Influenza A Virus [IAV] ). Both the prevalence of and mortality from IAV infection are significantly increased among smokers (4) (5) (6) (7) . In a mouse model, two hits consisting of short-term exposure to cigarette smoke (CS) and a single IAV infection cause emphysema, a pathological phenotype of COPD, within one month (8, 9) . However, effects of the two hits of CS exposure and IAV infection on CTGF expression in the lung have not been reported.
Cynomolgus macaques (Macaca fascicularis) are a species of Old World monkeys that have been widely used as a non-human primates (NHP) model for biomedical research (10) . NHPs closely mimic the physiological and biological changes in response to human pathogens, likely due to the high degree of genetic homology to humans (11) . We have previously shown that exposure of NHPs to CS for 12 weeks causes extensive chronic bronchitis, but not emphysematous changes (12) . In the present study, we wanted to determine the effects of the two-hit challenge model (CS + IAV) on the development of emphysema in NHPs and examine CTGF expression in lung epithelial cells. We further tested expression of CTGF in mice exposed to a similar two-hit challenge model.
Markers of aging, another major risk factor for COPD, are strongly associated with accumulation of senescent cells that are metabolically active but permanently unable to divide (13, 14) . Senescence of alveolar epithelial cells is observed in smokers with COPD as compared with smokers without COPD (15) , suggesting a potential role of cellular senescence in the pathogenesis of COPD. Cellular senescence can occur by telomere shortening through cell division (referred to as replicative senescence) (16) or by various noxious stimuli (referred to as stress-induced premature senescence) (17) (18) (19) . The two canonical senescence-inducing pathways emanate from either the p53 protein or the p16-retinoblastoma (Rb) pathway (20, 21) . These two canonical pathways can be activated in response to CS exposure (19) thereby inducing senescence through the suppressing activity of cyclin-dependent kinases (CDKs), such as CDK4 and CDK6 (20, 22) . As long-term cigarette smoking causes alveolar cell apoptosis and impaired tissue repair, compensatory proliferation of alveolar type 2 cells would be needed to close the wound gap (15) . However, because cellular senescence limits the proliferative capacity of alveolar cells, the dying cells cannot be replaced, which ultimately may lead to the development of emphysema (23, 24) .
The present study evaluated expression of CTGF in the lungs of NHPs and mice following combined CS exposure and IAV infection to determine a potential role of CTGF as a biomarker for COPD. We also tested the biological effects of CTGF in lung epithelial cells. We propose that CTGF overexpression may be a key signaling protein that contributes to pulmonary epithelial cell senescence.
Materials and Methods

Human Lung Tissue Samples
The use of human subject samples was approved by the New Mexico VA Healthcare System institutional review board (#11-056). Formalin-fixed lung slide sections obtained from exsmokers without COPD (n=6) or with moderate (n=3), or severe/very severe COPD (n= 8) were provided by the Lung Tissue Research Consortium.
Animals
All animal experiments were approved by the Institutional Animal Care and Use Committee and were performed at Lovelace Respiratory Research Institute (LRRI), a facility approved by the Association for the Assessment and Accreditation for Laboratory Animal Care International. Sixteen female cynomolgus macaques (2 to 5 year-old, their body weights ranging from 2.2 to 3.8 kg) from a colony maintained at LRRI were utilized for this study. C57Bl/6 mice, 8-10 weeks of age, were purchased from the Jackson Laboratory.
Cigarette Smoke Exposure and Instillation of Influenza Virus (H3N2), and Bronchial Brushing for NHPs
NHPs were exposed to smoke aerosol generated from type 3R4F research cigarettes (Kentucky Tobacco Research and Development Center) at concentrations of 100 mg/m 3 total particulate matter (TPM) for the first week (wk) and 200 mg/m 3 TPM for subsequent three wks. All sixteen NHPs were exposed for 6 h/d, 5 d/wk in Hazelton 1000 whole body exposure chambers for 4 wks. In order to obtain bronchial brushing samples, animals received ketamine (10mg/kg, IM) followed by general anesthesia with inhaled isoflurane to permit passage of the BF-XP40 (2.8mm) bronchoscope. A 2mm × 6 mm sterile cytology brush (Olympus model BC-203D-2006) was introduced through the bronchoscope to obtain the bronchial brushings from four sites in airway generations 3 to 5. After 4 wks of CS exposure, eight NHPs received a single instillation of 10 6 plaque forming units (pfu) of IAV, strain HKX31 (H3N2) or vehicle (phosphate-buffered saline [PBS] ) into the right diaphragmatic/caudal lobe. Bronchial brushing samples were collected at 2 wks after IAV or mock infection. All NHPs were euthanized 2 wks after IAV or mock infection.
Cigarette Smoke Exposure and Instillation of Influenza Virus (H3N2) for Mice
A total of thirty mice were exposed to CS (n=20) or filtered air (FA) (n=10) for 6 h/d, 5 d/wk in Hazelton 1000 whole body exposure chambers at CS concentrations of 100 mg/m 3 TPM for the first week (wk) followed by 250 mg/m 3 for subsequent three wks as previously described (25) . After 4 wks of CS exposure, mice were randomized to receive a nasal instillation of 5 × 10 3 pfu of IAV (H3N2) or vehicle (PBS) as mock infection (n=10 per group).
Lung Histology
The lungs of animals were fixed under a constant pressure (25 cm H 2 O) in neutral buffered formalin, embedded in paraffin, and sectioned at 5 µm thickness as we previously described (26) .
RNA Isolation and Quantitative RT-PCR
RNA was isolated from bronchial brushing samples using Trizol RNA extraction buffer (Molecular Research Center, INC, Cincinnati, OH) as previously described (27) . Quantitative RT-RCR analysis for CTGF and CDKN1B mRNA were performed using Taqman One-Step RT-PCR Master Mix Reagents (Applied Biosystems, Carlsbad, CA) as previously described (28) . The following sets of probes CTGF (Cat#:Hs01026927_g1) and CDKN1B (Hs01597588_ml) were purchased from Applied Biosystems, Foster City, CA). RT-PCR reactions were performed using real-time ABI PRISM 7900HT PCR system.
Immunofluorescent Staining and Image Analysis
Lung tissue sections from humans and NHPs were deparaffinized, hydrated, and washed in 0.05% Brij-35 / PBS (pH 7.4). The CTGF antigens were retrieved using citrate buffer (pH 6.0) and probed by overnight incubation with anti-CTGF antibody (Santa Cruz Technologies, CA) or anti-p16 antibody. The immunolabeled cells were detected using secondary antibodies conjugated either to Dylight™-549 or -Dylight™-649 (Jackson Immunoresearch, West Grove, PA) and sections were mounted with 4',6-diamidino-2-phenylindole (DAPI) containing Fluormount-G (Southern Biotech, Birmingham, AL) for nuclear staining. Micrographs were captured using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss MicroImaging, Inc, Thornwood, NY) mounted on an Axiovert 100 scope (Carl Zeiss Microimaging Inc, Thornwood, NY) and analyzed using NIH ImageJ (http://imagej.nih.gov/ij/) software.
CTGF Overexpression in Cell Lines
UNCN3T cells (a Bmi-1/hTERT HBEC cell line, a gift from Dr. Scott Randell) were originally generated by Fulcher et al. (29) and maintained as previously described (29) . UNCN3T cells were transduced with a lentiviral vector (cat#EX-A0312-LV152, pReceiver, GeneCopoeia, Rockville, MD) to overexpress CTGF protein as previously described (30) . The transduced cells were selected with 5 µg/ml hygromycin for 14 days and surviving cells were collected. Experiments to monitor cell growth were performed in twelve-well Costar tissue culture plates at a starting cell density of 15 × 10 3 /cm 2 . The cell counts were performed at 3 and 6 d by an electric particle counter (Beckman Coulter, Indianapolis, IN).
Immunoblot Analysis
CTGF-overexpressing or the control cells were cultured in p100 plates (100 mm) at a starting cell density of 15 × 10 3 /cm 2 and harvested after 3 d. Cell lysates were prepared in RIPA buffer with protease inhibitors (Boehringer Mannheim, Ridgefield, CT) and analyzed by immunoblotting as previously described (30) . Protein levels were evaluated using anti-CTGF, anti-p53 antibody (Santa Cruz, CA) or anti-p16 and anti-p21 antibodies (Abcam, Cambridge, MA), and equal loading of protein samples from each group was evaluated using anti-β actin antibody (Sigma-Aldrich) after using the Restore WB stripping buffer (Thermo Fisher Scientific, Barrington, IL).
Senescence-Associated β-Galactosidase (SA β-gal) Activity SA β-Gal staining was performed according to a previously described method (28) . Briefly, after washing with PBS, cell samples in 6-well cell culture plates were fixed in PBS containing 2% formaldehyde, 0.2% glutaraldehyde for 15 min at room temperature. Fixed cells were washed with PBS and incubated with staining solution mix (40 mM citric acid/ sodium phosphate (pH 6.0), 150 mM NaCl, 2 mM MgCl 2 , 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml 5-bromo-4-chloro-3-indolyl-βD-galactopyranoside) for overnight at 37°C SA β-Gal activity is presented as the percentage of SA β-Gal-positive cells per number of total cells in randomly selected six fields per well, at a magnification of 20×. Quantification was from three independent experiments.
Analysis of Conditioned Medium
Culture medium from CTGF-overexpressing and control cells was collected at 48 h of culture and kept in −80 °C until use. For immunoblot analysis, 2 ml of collected medium was concentrated using a SpeedVac Concentrator (Savant, Farmingdale, NY), dissolved in 80 µl of RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO) and analyzed by immunoblotting for CTGF was as previously described (18) .
Cell Proliferation Assay
To determine the effect of secreted CTGF, UNCN3T cells were plated at a starting density of 15 × 10 3 /cm 2 and maintained either in medium collected from CTGF-overexpressing or from empty-vector infected controls. Medium was changed at 3 d and cell proliferation was determined at 3 and 6 d by the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as previously described (18) .
Statistical Analysis
We used Student unpaired t tests for the comparison of two groups (e.g., CTGF overexpressing cells and control cells). For multiple comparisons, we used a one-way ANOVA with Bonferroni correction with post hoc comparisons of specific pairwise differences. Data were expressed as mean ± SEM and p < 0.05 was considered statistically significant.
RESULTS
CTGF expression is increased in lung epithelial cells of ex-smokers with increasing COPD severity
While CTGF has been reported as one of the potential biomarkers for COPD among smokers (2), whether smoking cessation affects expression of this protein in COPD patients was not investigated (2, 31) . To avoid confounding effects from recent CS exposure, we selected study subjects representing the different stages of COPD severity and who had stopped smoking for >5 years ( Figure 1A ). Lung tissues from ex-smokers with COPD (GOLD stage 2 [n=3] and stage 3 or 4 [n=8]) were analyzed and compared with ex-smokers without COPD (n=6). The IF staining data reveal that CTGF expression in both airway ( Figure 1B ) and alveolar ( Figure 1C ) epithelial cells of ex-smokers was increased with increasing severity of COPD. These data suggest that CTGF expression in lung epithelial cells is positively associated with the severity of airway obstruction among ex-smokers and may be a biomarker for COPD.
Influenza virus infection induces CTGF expression in lung epithelial cells of non-human primates exposed to cigarette smoke
Smoking habits increase the risk for IAV infection and contribute to the higher mortality than that of non-smokers (4-7). Exposure of NHPs to CS alone causes extensive bronchitis throughout the respiratory tract (12) but does not cause emphysema. Because viral infection after 4 weeks of CS causes emphysema in mice (8, 9), we investigated whether the same approach causes emphysema in a more relevant NHPs. Therefore, we investigated lung tissues from NHPs exposed to a two-hit (CS +IAV) model. A total of 16 NHPs were exposed to CS for 4 wks and 8 NHPs each were then either infected with IAV or vehicle. Two weeks post infection, animals were euthanized and tissues were harvested for analysis. We did not observe a significant enlargement of alveolar diameter in the two-hit-exposed NHPs compared with NHPs exposed to CS only (data not shown). However, qRT-PCR analysis from bronchial brushing samples showed that CTGF mRNA levels were increased in the two-hit exposed NHPs compared with those of CS-exposed NHPs (Figure 2A ). In addition, increased CTGF protein levels were detected by IF in airway ( Figure 2B ) and alveolar epithelia ( Figure 2C ) from NHPs exposed to CS and IAV compared with NHPs exposed to CS only. These data suggest that the changes in lung epithelial cells of NHPs exposed to the two-hit (CS and IAV infection) resembles some features that are observed in humans with COPD.
Influenza virus infection induces CTGF expression in lung epithelial cells of mice exposed to cigarette smoke
The two-hit (CS +IAV) enhances emphysematous changes in a mouse model (8, 9) . To validate that the viral infection following the CS exposure augments CTGF expression, ten mice were exposed to FA, twenty mice to CS for four weeks and ten of the twenty mice were infected with IAV and the other ten were mock-infected. CTGF expression was significantly augmented in lung epithelial cells of mice exposed to CS and infected with IAV compared with CS+mock-infected mice ( Figures 3A and 3B) , again resembling the findings in humans and NHPs. Interestingly, compared with filtered air (FA)-exposed mice, CS +mock-infected mice exhibited a significantly reduced CTGF expression in airway epithelial cells ( Figure 3A ) but significantly increased expression in alveolar epithelial cells ( Figure  3B ).
CTGF overexpression induces cellular senescence in human airway epithelial cells
To examine the cellular role of CTGF upregulation, we established a stable cell line expressing high-levels of CTGF by transducing HBECs with a lentiviral CTGF expression vector. CTGF overexpression markedly reduced cell growth ( Figure 4A ) and this arrest in growth was associated with the cells showing an enlarged morphology and an increase in (SA)-β-gal activity, a marker of senescence ( Figure 4B ). Furthermore, CTGF overexpressing cells also displayed highly increased levels of p16, another marker of senescence. While these two markers of cellular senescence were increased, expression of both p53 and p21 were downregulated ( Figure 4C ). Since CTGF is a protein that is immediately secreted by cells, we next determined whether the medium obtained from CTGF overexpressing cells reduces cell growth of HBECs. We confirmed CTGF accumulation ( Figure 4D ) in the medium from CTGF overexpressing cells by immunoblotting and that cells exposed to this conditioned medium have reduced cell growth ( Figure 4E ). These findings suggest that secreted CTGF is the main driving factor for cell senescence.
CTGF expression is positively associated with p16 accumulation in lung epithelial cells in vivo
To determine the levels of p16 protein expression in CTGF-positive cells in vivo, we coimmunostained lung tissues of mice exposed to CS+IAV for CTGF and p16 and found that nuclear p16-postivity was accompanied with CTGF expression in both airway and alveolar cells ( Figures 5A and 5B) . Similarly, p16 positivity was co-localized with CTGF expression in lung tissues of ex-smokers with COPD and the number of p16-positive cells increased with the severity of disease ( Figure 5C and 5D), suggesting induced CTGF expression in vivo is also associated with p16 accumulation and may drive cellular senescence of lung epithelial cells.
DISCUSSION
The present study demonstrates using human, NHP, and mouse models of COPD that CTGF is expressed in COPD lungs. We show that expression of CTGF in lung epithelial cells positively correlates with the prevalence of epithelial senescence and is associated with the severity of airway obstruction among patients with smoking-induced COPD. In addition, we provide evidence that CTGF is involved in inducing cellular senescence. We propose that CTGF may play a role in the development of emphysema by blocking the renewal potential of lung epithelial cells. 
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Senescence of lung epithelial cells is strongly associated with COPD (14, 15) . There are several known modulators of the aging process including oxidative stress and telomere shortening. For example, genetic deletion of Nrf2, a master regulator for antioxidant enzymes (33), or short length of telomere (34) augments the susceptibility to smokinginduced emphysema in vivo, suggesting a potential role of cellular senescence in the development of COPD. However, the causative role of cellular senescence in COPD still remains to be elucidated.
In this study, we found that protein levels of CTGF are increased in lung epithelial cells of ex-smokers with increasing severity of COPD. In a previous study, a comprehensive analysis of gene expression revealed multiple genes, including CTGF, that are differentially expressed in the lung between smokers without COPD and smokers with moderate COPD (2). Ning, et al. also confirmed that both gene and protein expression of CTGF were elevated in lung epithelial cells of smokers with moderate to severe COPD compared with those of smokers without COPD (2). However, whether clinical COPD severity and smoking status affects CTGF expression has not been addressed. While our results support the potential utility of CTGF as a biomarker of COPD severity regardless of smoking status, additional studies using larger cohorts are required to define CTGF as a bona fide biomarker.
Several studies showed that oxidative stress (e.g., hydrogen peroxide exposure or mechanical stress) is sufficient to increase CTGF both in vitro and in vivo (35, 36) . In the present study, we identified that a combined two-hit (CS+IAV) significantly increased CTGF at the protein level in lung epithelial cells of mice and NHPs. These results suggest that viral infections in cigarette smoking patients may limit epithelial cell replication through senescent mechanisms.
Possibly due to differences in pulmonary anatomy between mice and humans, smokinginduced airway and lymphoid pathologies are dissimilar between humans and mice, with mice showing little to no pathology (37, 38) . To overcome these limitations of the mouse COPD model, we previously developed a smoking-induced COPD model in NHPs (12) . Exposure to CS for up to 12 weeks did not show significant emphysematous change, but caused airway inflammation associated with extensive mucous cell hyperplasia and metaplasia, bronchial lymphoid aggregates, and alveolar septal cell apoptosis (12) . How CTGF overexpression contributes to these early lung pathologies and the subsequent development of emphysematous changes is unclear. Evidence for CTGF being involved in the development of emphysema comes from transgenic mouse that express CTGF in in alveolar type 2 epithelial cells driven by surfactant protein C promoter. These mice exhibited spontaneous enlargement of alveolar diameter associated with increased lung inflammation and decreased vascular development during development (39) .
To elucidate the biological relevance of CTGF overexpression, we utilized an in vitro model of lentiviral vector-mediated CTGF overexpression. We found that ectopically expressed CTGF consistently induces cellular senescence accompanied by increased p16 expression. These findings are consistent with a previous study showing that CTGF overexpression induced cellular senescence in cultured immortalized foreskin fibroblasts by activating both p21 and p16 pathways (40) . However, we did not observe p21 induction in senescent HBECs 
VA Author Manuscript VA Author Manuscript overexpressing CTGF. The discrepancy in p21 expression could stem from the cell typedependent differences (fibroblasts versus epithelial cells) or differences in the stage of senescence (e.g., pre-senescent versus senescent phase). We believe that based on the reduced cell growth, typical morphological changes and increased senescence-associated β-galactosidase activity and overexpression of p16, CTGF overexpression induced cellular senescence. In addition, cells showed decreased expression of p53, a cell death-inducing protein. Therefore, we do not believe that CTGF transfection caused toxicity and cell death.
It is known that either cigarette smoke or IAV infection causes both oxidative stress and DNA damage (41) (42) (43) , which may contribute to the development of cellular senescence in lung epithelial cells. In addition, both oxidative stress and DNA damage are associated with increased expression of CTGF (36, 44) . The pathway by which CTGF induces p16 expression is not known but we speculate that CTGF either by affecting cell cycle regulatory proteins or together with CS and IAV-induced oxidative stress and DNA damage may facilitate activation of cell cycle arrest through the p16 pathway rather than the p53 pathway.
More detailed investigations to determine the mechanism of inducing p16 expression and cellular senescence are beyond the scope of the present study.
Collectively, these findings suggest a potentially critical role for CTGF in the development of COPD by causing accelerated senescence of epithelial cells. While we failed to observe any significant emphysematous changes in NHPs exposed to CS and IAV, the finding that CTGF was highly increased in our two-hit model supports the idea that the short (4 wks) CS exposure combined with IAV infection may have set the stage for the development of emphysema. We believe that longer exposure to CS and/or viral infection with a higher titer may result in discernible emphysematous changes in the NHP model. Based on our findings that CTGF overexpression causes senescence in epithelial cells, we speculate that lack of compensatory proliferation of alveolar type 2 epithelial cells will ultimately contribute to alveolar wall destruction and emphysema following CS-induced alveolar septal cell apoptosis. The mouse model of two-hit exposure clearly supports our hypothesis that there were significant emphysematous changes in mice following CS exposure and viral infection that resulted in increased CTGF and p16 expression in lung epithelial cells. When analyzed for the senescence marker, p16 levels, only fraction of the CTGF-positive cells showed p16-positivity. This could be due to CTGF being an upstream effector that activates p16 and induces cellular senescence as we observed in our in vitro studies with CTGF overexpressing cells. It is possible that expression of p16 may occur over a series of time course and more time points need to be taken to observe increased number of cells expressing both CTGF and p16. It is also possible that in vivo CTGF may require another factor to induce p16 expression. Nonetheless, the in vitro studies suggest that the two-hit CS/ IAV-induced CTGF may contribute to the development of cell senescence in vivo.
Although airway and alveolar epithelial cells were carefully differentiated by experienced pulmonary pathologist based on the morphology and adjunct structures, such as interstitium, double staining with cell-specific markers can further strengthen these findings in future studies.
CS exposure activates diverse age-associated molecular pathways in circulating lymphocytes and induces cellular senescence of lung fibroblasts, and pulmonary epithelial and endothelial cells in smokers with compared with smokers without COPD (13, 14, 45, 46) . Cellular senescence also alters the secretory phenotype (e.g., growth factors and inflammatory mediators) that contributes to chronic inflammation in COPD (46, 47) . A previous in vitro study demonstrated that CTGF is upregulated in cultured senescent fibroblasts, suggesting that CTGF is also a member of the senescence-associated secretory phenotype in dermal fibroblasts (48) . By contrast, we also found that CTGF is one of the driving factors for cell senescence in cultured human lung epithelial cells. These results suggest that CTGF can be either a biomarker or an inducer for cell senescence.
In conclusion, we observed increased CTGF levels in lung epithelial cells in humans diagnosed with COPD 5 years after smoking cessation and in both NHPs and mice exposed to CS and infected with IAV. Expression of this protein in HBECs caused senescence, providing a potential mechanism by which CTGF upregulation leads to CS-induced lung pathology. We propose that CTGF is not only a severity-dependent biomarker but also a potential therapeutic target for COPD. 
